Thin titanium oxide nanoribbons with a thickness of several nanometers and a width of 30-200 nm have been synthesized hydrothermally via the reaction of TiO 2 particles and NaOH solution. Either amorphous TiO 2 gel or crystalline anatase or a mixture of anatase and rutile can be used as the raw material. The typical lengths of nanoribbons are in the range of several micrometers to several tens of micrometers. The growth of nanoribbons is along the [0 0 1] direction of the anatase structure. Ó
Introduction
Dimensionality is a crucial factor in determining the properties of nanomaterials [1] and, thus, the control of size and shape is of great interest. Onedimensional nanostructured materials such as nanotubes and nanowires have attracted extensive attention over the past decade due to their unique physical properties and their potential applications in constructing nanoscaled electronic and optoelectronic devices. One new group of belt-like (or ribbon-like) one-dimensional nanostructures of semiconducting oxides has been introduced very recently [2] . However, most of those one-dimensional nanomaterials were synthesized by methods needing high-temperature firing, e.g. chemical vapor deposition and thermal evaporation [2] . Soft chemical processes to prepare low-dimensional nanostructured materials have been attracting much attention. Nanotubes of bismuth [3] , titania [4, 5] and vanadium oxides [6] , and nanowires of compound NaFe 4 P 12 [7] have been synthesized hydrothermally at low-temperature. In this communication we report the formation of titanium oxide nanoribbons by a hydrothermal soft chemical process.
Titanium oxide can form many kinds of threedimensional crystalline polymorphs and a series of two-dimensional layered titanates [8] , offering special physical properties and commercial applications in the pigment, photocatalysis, electronics, electrochemical and ceramic industries. Control over crystal structure, size, and shape of nanostructured titania is important in the view of both fundamental and applied research.
Sakali et al. [9] [10] [11] once reported a colloidal suspension of TiO 2 sheets by the swelling and subsequent exfoliation of H x Ti 2Àx=4 Ã x=4 O 4 Á H 2 O in aqueous tetrabutylammonium (TBA) hydroxide. After heating above 400°C, anatase thin flakes were formed [9] . However, a considerable drawback to this synthetic approach lies in the process www.elsevier.com/locate/cplett required for exfoliation of the titania sheets, which needs a relatively long time, a low-solid content, and a high TBA concentration. These factors make the approach unfavorable for large-scale reactions and the production of low-cost materials [12] . Ribbon-like titania nanomaterials reported herein are shape-defined, and their synthesis process is simple, gram-scaled, and reproducible. Their morphology and structure appear to be distinctively different from the ones reported in the literature.
Experimental
Calcination of amorphous TiO 2 gel, obtained by hydrolyzing titanium triisopropoxide, at 600°C for 2 h gave crystalline powders of the pure anatase phase. The amorphous gel, crystalline anatase, and commercial TiO 2 powders (P-25; a mixture of crystalline phases such as rutile and anatase) were used as the TiO 2 precursors for the wet chemical nanoparticle preparation. 0.3 g of the precursor was mixed with 20 ml of NaOH aqueous solution at a concentration of 5-15 mol/l, followed by hydrothermal treatment at 180-240°C in a Teflonlined autoclave for one or two days. The treated powders were washed thoroughly with water and 0.1 mol/l HCl aqueous solution until the pH value of the washing solution was lower than 7, and the solid was a white-color and cotton-batting-like. After filtration and drying, the product was characterized by powder X-ray diffraction (XRD) (Philips PW1820 with CuK a radiation), scanning electron microscopy (SEM) (Philips XL-20 at 15 kV), transmission electron microscopy (TEM) (Jeol JEM-200cx at 200 kV and Philips TECNAI-10 at 100 kV), and energy-dispersive X-ray spectroscopy (EDS). For TEM observation, the products were ultrasonically dispersed in ethanol and a drop of this solution was then placed onto a holey carbon film supported on a copper grid.
Results and discussion
SEM observations (Fig. 1a) reveal that the products consist of a large quantity of wire-like nanostructures with typical lengths in the range of several micrometers to several tens of micrometers. rolled end. From the rolled region one can clearly see that the ribbon is very thin (65 nm). Such nanoribbon structure with high aspect ratio can be obtained with high yield when either amorphous TiO 2 gel or crystalline anatase or a mixture of anatase and rutile is used as the precursor. The concentration of NaOH solution in the range 5-15 mol/l and the treatment temperature in the range 180-240°C did not affect the structure of the products. Due to the limit of our current reaction apparatus, the effect of a temperature higher than 240°C will be further investigated.
Chemical microanalysis using EDS revealed that the obtained nanostructures consist of titanium and oxygen with a molar ratio close to 1:2. Powder Xray diffraction patterns showed relatively broad anatase Bragg peaks due to the finite size of the particles. High-resolution TEM (HRTEM) analysis also revealed that the present nanoribbons are composed of the structural building units of the anatase structure. Fig. 3 is a typical HRTEM image of a nanoribbon with well-defined structure, growing along the [0 0 1] direction. Two sets of lattice fringes can be observed in the lattice resolved image (Fig. 3) . The fringes parallel to the ribbon axis (or [0 0 1] plane) correspond to a interplannar distance of about 0.75 nm. This set of fringes can correspond to the structural features of cis-skewed chains and are characteristic of the anatase crystal phase in the [0 0 1] direction [13] . This fringe spacing is also comparable to the shell spacing of titania nanotubes [5] 1 0 1] fringes, the bending angle could be evaluated to be about 15°C. Moreover, the corrugated sides of structural features can be seen in this bending nanoribbon (Fig. 4a) , which is characteristic of a stepped [1 0 1] surface. A similar case of corrugated sides has been reported in the titania nanocrystals obtained by hydrolysis and polycondensation of titanium alkoxide in the presence of tetramethylammonium hydroxide [13] , which was believed to be a consequence of cluster-cluster growth and condensation of skewed octahedra. Other HRTEM images also displayed that some of the titania nanoribbons consist of two side layers of amorphous phases, especially at the end zones of the ribbons. The thickness ratio of the side and core layers is less than 1/15.
The crystalline structure of the raw materials could be corrupted during the reaction with NaOH solution. Some Ti-O-Ti bonds linking between TiO 6 octahedra are broken and the basic building units (octahedra) re-assemble to link together by sharing edges, so as to form dimers [13] . These dimers condense with a zig-zag structure by an oxolation pathway, according to the partial charge model [13] , leading to a favored linear growth in the [0 0 1] direction of the anatase phase. Another growth direction is [1 0 1] with dense stacking through the oxolation process, resulting in the width of the nanoribbons. It should be pointed out that the crystalline structure of the raw material could not be dissolved completely by a strong NaOH solution, and small clusters containing the structural building units of the anatase phase [14] were generated during the cauterization of the NaOH solution. These clusters can condense with the dimers in the solution and further orient and self-assemble into the nanoribbon structure under autoclaving. At high NaOH concentration in the present work, the growth velocity in the [0 1 0] direction is very slow, resulting in the small thickness of the nanoribbons. At the surface layer of nanoribbons, some hydroxyls and cationic Na þ combine with TiO 6 octahedra, as revealed by the EDS analysis which indicates the presence of a small content of Na in the sample without HClwashing. Na þ ions could be ion-exchanged into protons with diluted acid solution. Changes in the nanoribbon surface could also take place upon heating. After heating at 540°C for 2 h, the nanoribbons developed holes due to dehydration.
The belt-like semiconducting oxides of Zn, Sn, In, Ga and Pb synthesized by high-temperature evaporation are much thicker (several tens to several hundred nanometers) [2] , as well as Zn metal nanobelts [15] . The flakes of titanium oxide synthesized via exfoliation of a layered precursor have a thickness of 20-30 nm [9] . The titania nanoribbons which we have generated are very thin and their syntheses are follow a simple onestep process. They may be significant for the understanding of the formation mechanism and the electrical and optical transport processes in onedimensional metastable oxide nanostructures. The titania nanoribbons might be doped with different elements to obtain advanced functional materials. 
